Long-term treatment with interferon (IFN) alfa plus ribavirin decreases the proviral human immunodeficiency virus type 1 (HIV) DNA level. However, the short-term impact of IFN alfa on persistent HIV and its effects on immune activation after antiretroviral therapy remain unknown. Our study showed that the cell-associated HIV RNA level and CD4 + T-cell activation decreased in the IFN group (n = 10). No changes were detected in levels of residual plasma viremia, replicationcompetent reservoirs, proviral DNA, or 2-long-terminal repeat circles, although APOBEC3G, TRIM5α, BST2, and TRIM22 were upregulated in the IFN group. These data suggest that short-term treatment with IFN alfa combined with RBV decreases HIV expression, in part through inhibition of HIV transcription by TRIM22 and decrease in T-cell activation.
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Combination antiretroviral therapy (cART) quickly and persistently suppresses viral replication but cannot eliminate the latent reservoir. Therefore, complementing cART with new immunotherapeutic and chemotherapeutic interventions has been proposed as a means of reactivating viral latency, reducing the size of the viral reservoir, and, ultimately, achieving functional cure [1] . Interferon (IFN) alfa is a type I interferon with potent antiviral activity. Until recently, IFN alfa combined with ribavirin (RBV) was the standard treatment for infection with hepatitis C virus (HCV) [2] . Furthermore, long-term treatment with IFN alfa might reduce the size of the human immunodeficiency virus type 1 (HIV) reservoir [3] [4] [5] . However, the short-term mechanism by which IFN alfa diminishes the viral reservoir, as well as the effects IFN alfa on activation and persistent HIV expression, remain unknown.
In a cohort of patients coinfected with HIV and HCV and receiving suppressive cART, we analyzed variations in the cell-associated HIV RNA level, the replication-competent virus level, expression of specific IFN-α-stimulated genes (ISGs) encoding HIV restriction factors, and expression of the protein Siglec-1, which mediates HIV transinfection [6] , in peripheral CD4 + T cells. We also assessed changes in the residual plasma viremia level, the total HIV reservoir level, the 2-long terminal repeat (LTR) circle level, distribution of peripheral T-cell subsets, and expression of activation and exhaustion markers during treatment with IFN alfa-RBV. Our objective was to identify a short-term mechanism by which IFN alfa could impact the HIV reservoir.
METHODS

Study Design
We performed an open, prospective, nonrandomized cohort study at 2 university hospitals in Barcelona, Spain. The study population comprised 21 HIV/HCV-coinfected patients receiving suppressive cART for at least 6 months; HCV treatment in 10 patients involved pegylated IFN alfa-2a (180 µg/week; Pegasys, Roche) and RBV (800-1200 mg twice daily; the IFN group), and HCV treatment in 11 patients was deferred (the control group). The participants gave their written informed consent, and the institutional review boards and the Catalonian Health Department (code: FHU-INT-2013-01) approved the protocol. We collected whole-blood samples (80 mL) at study days 0 and 28. Peripheral blood mononuclear cells (PBMCs) were analyzed by flow cytometry. For the other analyses, CD4
+ T cells were isolated using negative immunomagnetic selection (Miltenyi).
Cell-Associated HIV Messenger RNA (mRNA)
One-step reverse-transcription droplet-digital polymerase chain reaction (ddPCR) analysis (BioRad) was used to quantify HIV RNA, with primers/probe sets located in the viral 5′ long terminal repeat and Gag and in the housekeeping gene TATAbinding protein (TBP) [7] .
Ultrasensitive Plasma Viremia
Samples containing 4-5 mL of plasma were ultracentrifuged at 170 000g at 4°C for 30 minutes before quantification using the Abbott Real-Time HIV assay (Abbott Molecular). Serial dilutions of a positive control down to 5 HIV RNA copies/mL were used as a standard curve to infer quantitative values from raw quantitative PCR cycle threshold (C T ) data.
Quantitative Viral Outgrowth Assay (qVOA)
The replication-competent reservoir was measured in a limiting dilution cell culture assay [7, 8] , with a final p24 Gag readout. The frequency of infectious HIV units per million CD4 + T cells was determined using IUPMStats v.0.3 (Rosenbloom's software), based on the maximum likelihood method [9] .
Proviral HIV DNA
The proviral reservoir was quantified using cell-lysed extracts to measure the housekeeping gene RPP30 and total cell-associated HIV DNA (ddPCR with the 5′LTR and Gag primers/probe sets) [7, 10] .
HIV 2-LTR Circles
To estimate the level of residual new infections, we quantified the number of 2-LTR circles by ddPCR with 2-LTR [11] and RPP30 primers/probe sets in lysed extracts of CD4 + T cells.
mRNA Expression of APOBEC3G, TRIM5α, BST2, and TRIM22
RNA from CD4 + T cells was reverse transcribed and amplified using TaqMan reagents (Applied Biosystems) for the panel of genes and for the housekeeping gene GUSB. Fold induction (ΔΔC T ) was determined by normalizing expression at day 28 relative to that at day 0.
Distribution and Activation of T-Cell Subsets
Cryopreserved PBMCs were labeled with Viability Dye eFluor 506 (eBioscience) and antibodies against CD3, CD4, CD8, CD45RA, CD27, CCR7, CD38, HLA-DR, PD-1 (Becton Dickinson), and Siglec-1 (bioNova). T-cell subpopulations were classified by the expression of CD45RA, CCR7, and CD27 [12] . Activation markers (CD38 and HLA-DR) and exhaustion markers (PD-1) were analyzed within each T-cell subset. The percentage of Siglec-1-expressing monocytes (CD14 + CD3 -cells) was also measured.
Statistical Analysis
Differences between groups were analyzed using the MannWhitney and Kruskal-Wallis tests. Changes within a group were evaluated using the Wilcoxon signed rank test. For categorical variables, independence between groups was studied using the Fisher exact test. The Wald test was used to compare slopes between groups in a mixed regression model. The Spearman test and Winsor correlation test were used to evaluate the association between variables in independent and paired samples, respectively. Censored matched pairs of ultrasensitive viral load were analyzed using the paired Prentice-Wilcoxon test. Statistical significance was set at 5% for all the tests. The analyses were performed with R (v3.0.2) and GraphPad (v5.01).
RESULTS
Patients
The study population comprised 21 HIV/HCV-coinfected patients recruited at Hospital Vall d'Hebron and Hospital Germans Trias i Pujol. One patient from the control group, with detectable HIV at day 0, was excluded from the final analysis. Baseline demographic and clinical characteristics of patients included in the IFN group and the control group were comparable (Table 1) . Most patients were men, with a median age of 47 years, HIV infection for >20 years, and HIV suppression maintained by cART for a median of 4.5 years (Table 1) . No serious adverse events were reported, and the initial dose of IFN alfa was maintained during the study.
Cell-Associated HIV mRNA and Residual Viremia Levels
The quantification of cell-associated HIV RNA revealed lowlevel viral transcription in peripheral CD4
+ T cells in all patients. The median expression of HIV/TBP in CD4 + T cells decreased 9-fold at day 28 in the IFN group (P = .049), whereas no significant changes were observed in the control group (Table 2 and Supplementary Figure 1A) . We measured the residual plasma viremia level to evaluate whether the decline in cell-associated viral transcription decreased production of virus. We detected plasma viremia in 90% of patients. However, we observed no significant changes in any group during the study ( Table 2 , Supplementary Figure 1B) , suggesting that short-term treatment with IFN alfa does not reduce the residual viremia level, despite its effect on viral transcription.
Replication-Competent HIV Reservoir, Total HIV DNA, and 2-LTR DNA Circles
To evaluate the effect of IFN alfa on the size of the replicationcompetent reservoir, we measured the infectious units per million cells in a qVOA of CD4 + T cells. We detected replication-competent viruses in 90% of patients. However, we did not detect a significant decrease at day 28 in any group (Table 2 and Supplementary Figure 1C) . We also detected circulating CD4 + T cells harboring proviral DNA in all patients. The count remained stable in both study groups (Supplementary Figure 1D) . We quantified the number of 2-LTR circles to estimate the level of residual replication. We detected HIV episomes in 90% of patients. This parameter remained stable in both study groups (Supplementary Figure 1E) .
Taken together, the data suggest that short-term treatment with IFN alfa did not affect the replication-competent HIV reservoir, the total proviral HIV reservoir, or the number of residual new infections.
Expression of ISGs
As most of the genes upregulated by IFN-α are host restriction factors, we analyzed the effect of IFN alfa on the restriction factors TRIM22, BST2, TRIM5α, and APOBEC3G, which inhibit HIV replication. The mRNA expression of all these host restriction factors increased at day 28 of treatment with IFN alfa-RBV (Table 2 and Supplementary Figure 2) . Conversely, no changes were detected in the control group. Moreover, we observed significant differences between the groups in the expression of TRIM22 and TRIM5α at day 28 (P < .001 and P = .025, respectively; Table 2 and Supplementary Figure 2) .
Given that Siglec-1 is a type I IFN-α-induced protein that plays a key role in HIV spread through mDC-CD4 synapsis [6] , we measured changes in expression of Siglec-1 in monocytes. We observed a significant increase in Siglec-1 protein expression at day 28 (P = .002), with significant intergroup differences (P < .001; Table 2 and Supplementary Figure 2) .
Analysis of CD4 + T-Cell Subsets, Activation, and Exhaustion Markers
Significant changes in absolute CD4 + and CD8 + T-cell counts were seen in the IFN group between day 0 and day 28 (P = .009 and P = .031, respectively) and between the groups at day 28 (P = .010 and P = .005; Table 1 ). In CD4 + T cells, significant decreases were observed in all subsets except for T EMRA cells. The analysis of the subset frequencies showed a slight increase in the T CM and T EM subsets (P = .048 and P = .037, respectively) and a reduction in the T TM subpopulation (P = .037) in the IFN group at day 28 of treatment; however, none of the differences were statistically significant between the groups. A general decrease in the expression of activation markers was observed in CD4 + T cells from the IFN group (Supplementary Figure 3A) . The frequency of HLA-DR + CD38 + was significantly lower in the IFN group than in the control group for the whole CD4 + T-cell population and for all the subsets except T EMRA cells (Supplementary Figure 3A) . Conversely, the frequency of HLA-DR + CD38 + cells remained unchanged in the whole CD8 + T-cell population (data not shown). We did not observe any significant difference in PD-1 percentages in the treated group, either for total CD4 + T cells or for individual subsets (Supplementary Figure 3B) . The data suggest that short-term IFN alfa treatment reduces peripheral CD4 + T-cell activation.
DISCUSSION
Our study is the first to evaluate the short-term effect of IFN alfa-RBV on multiple virological and immunological parameters generally evaluated during interventions to reduce the HIV reservoir. Quantification of cell-associated HIV RNA at baseline revealed persistent low-level viral transcription in peripheral CD4 + T cells in all patients, even though they had been receiving suppressive cART for a median of 4.5 years. Moreover, treatment with IFN alfa-RBV decreased transcription of HIV RNA in circulating CD4 + T cells while simultaneously reducing T-cell activation and increasing expression of ISGs. It seems that the decrease in T-cell activation could contribute to a decrease in viral transcription and mRNA translation [13] . However, these changes could also be associated with IFN alfa-driven migration of T cells from peripheral blood to lymphoid tissue [14] . Although we observed slight changes in the relative frequency of CD4 + T-cell subsets, it remains to be determined which T-cell subsets mainly contribute to HIV RNA transcription under cART. Finally, upregulation of host restriction factors induced by IFN is expected to reduce viral replication. In our study, TRIM22, a nuclear restriction factor able to inhibit HIV transcription [15] , was markedly upregulated in the IFN group, potentially contributing to the decrease in viral transcription.
Notwithstanding this, the lack of changes in ultrasensitive plasma viremia level suggests that the effect of short-term IFN alfa on peripheral CD4 + T cells with decreased viral transcription may not extend to all tissue cells that might also contribute to residual plasma viremia.
In contrast with the results of previous studies where IFN alfa was administered for longer than 28 days [3, 4] , we did not detect any change in the size of the HIV reservoir. Treatment with IFN alfa-RBV was previously shown to lead to a moderate but significant and sustained decline in HIV DNA in CD4 + T cells from HIV/HCV-coinfected patients receiving cART [4] . Moreover, Azzoni et al [3] found a drop in the level of integrated HIV DNA in IFN alfa-treated subjects who controlled viral rebound after interruption of cART. Furthermore, although a significant decrease in the level of 2-LTR circles was reported in patients receiving suppressive cART who were treated with IFN alfa-RBV [5] , levels of episomes remained unchanged in the present study. Thus, the short period of treatment in our study (28 days) might explain these differences in total proviral DNA and 2-LTR levels, suggesting that administration of IFN alfa-RBV could have a differential effect over time. Moreover, we observed no correlation between the virological variables analyzed. We cannot exclude, however, that some of the negative findings in this study could also be due to issues regarding sample size and assay precision. We conclude that 28 days of treatment with IFN alfa can trigger a reduction in HIV transcription in HIV/HCV-coinfected patients receiving suppressive cART, through upregulation of viral restriction genes, mainly TRIM22, and a decrease in Tcell activation. Although neither residual viremia nor replication-competent virus levels changed at day 28 of treatment, the effects of longer treatment periods remain to be determined. Therefore, after 28 days of treatment, IFN alfa acts more as a viral suppressor than as a reactivating agent. Studies on longterm therapy with IFN in patients receiving ART are necessary to elucidate the mechanism by which IFN alfa-mediated viral suppression extends from cell-associated RNA to DNA and whether it affects replication-competent reservoir levels.
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